Background/Aims: One potential pathomechanism how low nephron number leads to hypertension in later life is altered salt handling. We therefore evaluated changes in electrolyte and water content in wildtype (wt) and GDNF+/-mice with a 30% reduction of nephron number. Methods: 32 GDNF+/-and 36 wt mice were fed with low salt (LSD, 0.03%, normal drinking water) or high salt (HSD, 4%, 0.9% drinking water) diet for 4 weeks. Blood pressure was continuously measured by telemetry in a subgroup. At the end of the experiment and after standardized ashing processes electrolyte-and water contents of the skin and the total body were determined. Results: We found higher blood pressure in high salt treated GDNF+/-compared to wt mice. Of interest, we could not confirm an increase in total-body sodium as predicted by prevailing explanations, but found increased total body and skin chloride that interestingly correlated with relative kidney weight. Conclusion: We hereby firstly report significant total body and skin chloride retention in salt sensitive hypertension of GDNF+/-mice with genetically determined lower nephron number. Thus, in contrast to the prevailing opinion our data argue for the involvement of non-volume related mechanisms.
Introduction
The glial cell line-derived neurotrophic growth factor (GDNF) belongs to a family of ligands that are important in cell survival, neurite outgrowth, cell differentiation and migration [1] . GDNF itself induces ureter bud formation and branching during metanephros development, and is essential for proper innervation of the gastrointestinal tract [2] . Homozygous GDNF-/-deletion in mice is lethal. However, heterozygous GDNF+/-mice have either only one kidney or feature a moderately reduced nephron number up to -30%; therefore, this genetic mouse model is useful to test the effects of reduced nephron mass on long-term adjustments in renal function and structure as well as arterial blood pressure (bp) [2] . We have already characterized the renal morphology of GDNF+/-mice in great detail and confirmed a 30% lower nephron number in our mouse model as well as ultrastructural alterations of glomerular basement membranes and lower podocyte numbers [3] . Earlier, we already gave GDNF+/-mice and wild-type mice (WT) a 4% salt diet for 4 weeks and observed maladaptive changes in the kidneys and the cardiovascular system, i.e. cardiac fibrosis and a tendency to mild arterial hypertension [4] . In that previous study arterial bp was measured directly at the end of the study period with a carotid artery catheter in anesthetized mice and did not show a significant increase with the 4% salt diet. However, Ruta et al. showed salt sensitive hypertension in GDNF+/-mice as early as one week after 5% high-salt diet [5] . This is in line with the hypothesis of Brenner et al [6] . who postulated that reduced nephron numbers may contribute to hypertension in later life via the vicious circle of hyperfiltration, glomerular enlargement, glomerular hypertension and finally glomerulosclerosis. They further suggested that major consequences of this abnormality in glomerular number are limitations in the ability to excrete sodium, thus resulting in salt-sensitive hypertension due to sodium retention. Furthermore, a congenital variability in filtration surface area could explain why only some, but not all patients exposed to potentially injurious renal stimuli eventually manifest chronic nephropathy [6] . Our earlier experiments suggested that reduced nephron numbers in GDNF+/-mice might somehow contribute to target-organ damage and altered gene expressions independent of bp [4] . An alternative explanation could involve the confounding effects of anesthesia on intraarterial bp measurements. To eliminate this possibility, we have repeated our earlier experiments using the more sensitive radiotelemetry method of long-term bp monitoring [7] . We also expanded our study to explore newer notions of sodium and chloride storage in the soft-tissue interstitium and bprelated effects during a high-salt diet using ashing techniques [8] .
Materials and Methods

Animals
Heterozygous GDNF+/-mice and wt mice on a C57BL/6 background were kindly provided by the Department of Neuroanatomy, University of Göttingen, Germany. Tail tissue was obtained at weaning for genotyping using PCR analysis. All animal experiments were performed in accordance with the guidelines of the American Physiological Society and the local government authorities (Regierung von Mittelfranken, AZ # 54-2531.31-3/07) approved the studies.
Thirty-two GDNF+/-mice were used with 36 wildtype C57BL/6 serving as controls. Mice were housed under maintained conditions (22±2°C, 12-hour dark/light cycle). At the age of 45 weeks, the mice were randomly assigned into 2 different treatment groups. One animal group (17 GDNF+/-, 23 wildtype) received a high-salt diet (4%, E15431-34, ssniff, Germany) and 0.9% saline as drinking water (HSD); the second animal group (15 GDNF+/-, 13 wildtype) received low salt diet (0.03%, E15430-24, ssniff, Germany) and normal tap water (LSD), both over a period of 4 weeks.
Blood pressure measurement
For radiotelemetry, 11 mice (4 GDNF+/-, 7 wildtype) were anesthetized with isoflurane and the telemetry device (TA11PA-C20; Data Sciences International, St. Paul, Minnesota, USA) was implanted [9] . The right carotid artery was dissected free; the transmitter catheter was inserted below the bifurcation of the carotid artery, and advanced to the point where the small notch on the tubing resided at the vessel opening, so that the tip of the catheter was placed into the aortic arch. After securing the catheter at this position, the transmitter body was placed subcutaneously along the animal's left flank. The implants were calibrated using the calibrating data supplied by the manufacturer for each implant. After calibration, zero-levels were checked. Implants with a deviation greater than ±5 mmHg were not implanted. Telemetric catheters were implanted 2 weeks before start of dietary intervention to recover from the surgery and to measure values under normal salt condition. Thereafter, mice were fed with high salt diet and blood pressure was measured continuously until the end of the experiment. − space = Tissue Cl − content (mmol)/serum Cl − (mmol/ml) Before sacrifice, all mice were equipped with a carotid artery catheter under isoflurane anesthesia, blood samples were taken and electrolyte concentrations were analysed. The electrolyte concentrations in plasma were measured with standard automated techniques. After sacrifice, the kidneys were taken out and weighed in order to determine a relative kidney weight for all mice (kidney weight per body weight).
Immunohistochemistry
Mouse ears were fixed in 4% paraformaldehyde, embedded in paraffin and cut into 2 µm sections. Antigen retrieval was performed using target retrieval solution (DAKO, Glostrup, Denmark) and cooking in a pressure cooker for 2 minutes. After blocking with normal goat serum and 1% blotto sections were incubated with the following antibodies: a rabbit polyclonal antibody to the marker of lymphatic endothelial cell marker (LYVE-1) (Relia Tech GmbH, Wolfenbüttel, Germany), as a marker of lymphodilatation or lymphangiogenesis, and a monoclonal rat antibody directed against mouse macrophages (F4/80, Novus Biologicals, Cambridge, UK).
Negative controls for immunostaining included either deletion or substitution of the primary antibody with equivalent concentrations of an irrelevant murine monoclonal antibody or preimmune rabbit or goat IgG. Staining for LYVE-1 and macrophages was performed using Alkaline phosphatase detection kit (POLAP-100, Zytomed Systems GmbH, Berlin, Germany) and Fast red as substrate haematoxylin Gill II solution (Merck, Darmstadt, Germany) for nuclear staining. Abundance of macrophages and LYVE-1 positive vessels were quantitated on five 10x10 grids at a magnification of 400fold for positive stained caskets.
Real-time PCR
To evaluate relative mRNA expression levels, total RNA was obtained from frozen skin tissue with RNeasy Mini columns (Qiagen, Hilden, Germany) [8] . Primers for 18s (fw 5'-TTGATTAAGTCCCTGCCCTTTGT-3'; rev 5'-CGATCCGAGGGCCTCACTA-3') and VEGF-C (fwd: AGATCCTGAAAAGTATTGATAATGAGTGG, rev: CGTGGCATGCATTGAGTCTT) were designed with the primer design software Primer Express 3 (Applied Biosystems, Weiterstadt, Germany) and synthesized (MWG-BIOTECH AG, Ebersberg, Germany). After reverse transcription reactions Real-time PCR was performed using Power SYBR Green (Applied Biosystems, Weiterstadt, Germany) on a 7500 Fast Real time PCR system (Applied Biosystems, Weiterstadt, Germany) according to the manufacturer's instructions. Real-time PCR data were analyzed using the SDS v1.3 software (Applied Biosystems) as described previously. 3 To compare the expression levels among the groups, the relative expression of target gene mRNA levels was calculated using the comparative delta Ct (threshold cycle number) method. Normalization was conducted against the endogenous 18S rRNA levels as a housekeeper.
Data analysis
Data are expressed as averages ± SEM. Data from the various tissues Na + , Cl -, and water contents as well as the relative kidney weights were analyzed by multivariate analysis [general linear model (GLM) with Bonferroni as posthoc test]. The amount of osmotically active, osmotically inactive, and osmotically neutral Na + accumulation was investigated from the relationship between changes of Na + content and alterations of water content in total body, skin and rest carcass. We used SPSS software (version 12.0) and Graphpad Prism 5.02 for statistical analysis. We accepted p<0.05 as statistically significant. Correlation analysis was done using Pearson test.
Results
Does GDNF-genotype affect the blood pressure increase after high sodium diet?
GDNF+/-given high salt diet (HSD) had significant (p<0.01) higher blood pressures than wt mice on HSD as well as wt and GDNF+/-before HSD. Both strains had similar telemetric blood pressure values before initiation of HSD with a tendency of higher blood pressure in GDNF+/- (Fig. 1) .
Are blood pressure changes paralleled by genotype specific tissue electrolyte contents? Total-body sodium was not different in GDNF+/-and wt mice and was not influenced by HSD (Fig. 2A) . In contrast, total-body chloride was also similar in wt and GDNF+/-mice during LSD, but significantly increased by HSD in GDNF+/-, compared to LSD (p<0.05, Fig.  2B ). Total-body water was marginally increased (p=0.06) in GDNF+/-mice compared to WT mice (Fig. 2C) . There was no effect of HSD. When we more closely inspected skin electrolyte content, we observed the same pattern: There were no differences in skin sodium content (Fig. 2D ), but chloride content was significantly increased in the skin of GDNF+/-mice treated with HSD, compared to wt mice (Fig. 2E) . Of note, skin water showed no strain or diet-related effects (Fig. 2F) .
Did tissue electrolyte concentrations differ from those of blood electrolytes?
Next we analyzed if salt diet or GDNF genotype affects tissue electrolyte and GDNF+/-mice (filled circles, n= 4) given a high salt diet (HSD) for consecutive 4 weeks. Even under initial LSD (first measurement) GDNF+/-mice presented with a tendency of higher mean arterial blood pressure values (+5 mmHg) compared to control animals. While no dietary effect on blood pressure values was observed in wildtype mice, GDNF+/-mice raised their mean arterial blood pressure under HSD within the first week significantly. The achieved difference of +15 mmHg compared to control mice remained constant throughout the whole experiment. concentrations. Sodium concentrations in the total body (Fig. 3A) as well as in the skin (Fig.  3B) were similar in all groups. In the skin of GDNF+/-mice chloride (Cl -) concentrations showed a tendency to higher values compared to wt controls, due to high standard deviations the difference was not significant (Fig. 3D) . Of note and particular importance, total body Cl -concentration was significantly increased in GDNF+/-mice especially in the HSD group and GDNF+/-mice (striped bars) given either a low salt diet (LSD, white bars) or a high salt diet (HSD, light grey bars) for consecutive 2 weeks. Upper panel: Data set on total body level revealed no genotype specific differences in tissue sodium (A) and water content (C), while total body chloride content (B) was significantly elevated in GDNF+/-mice on HSD. Lower panel: Data set for isolated skin tissue revealed no genotype specific differences in tissue sodium (D) and water content (F), while skin chloride content (E) was significantly elevated in GDNF+/-mice on HSD compared to wt LSD and HSD.All data were corrected for total body dry weight. compared to both, wt LSD and wt HSD (Fig. 3C) . In contrast, blood electrolyte concentrations were similar in all investigated groups (table 1) .
Is the elevated skin chloride concentration in GDNF+/-mice associated with changes in tissue macrophage infiltration and resulting lymph capillary network?
Macrophage infiltration was significantly higher in the skin of mice receiving HSD, showing significantly higher numbers of macrophages in GDNF+/-HSD mice than in WT on HSD (Fig. 4A, D) . In addition, the percentage of LYVE-1 positive area as a marker of lymphodilatation or lymphangiogenesis, respectively, was significantly increased in ears from mice receiving HSD with no differences between genotypes (Fig. 4C, D) . Using quantitative PCR there was a tendency to higher VEGF-C mRNA levels in HSD groups, being highest in GDNF+/-HSD group (Fig. 4B) . The difference, however, was not statistically significant (Fig.  4B) .
Is there an association or correlation between lower kidney mass in GDNF+/-mice and elevated tissue electrolyte concentrations?
As expected, relative kidney weight was lower in GDNF+/-mice than in wt controls; the difference, however, was only statistically significant compared to the wt HSD group (Fig.  5A) . Interestingly, there was a negative correlation of relative kidney weight with chloride concentration (Fig. 5B+C) . 
Discussion
We show that HSD for 4 weeks significantly increases blood pressure (bp) in GDNF+/-mice with genetically determined lower nephron number, compared to wt mice. The data underscore the reduced nephron hypothesis raised earlier by Brenner and coworkers [6] . These data are consistent with results from experimental [5, 13, 14] and human autopsy studies [15] [16] [17] . Earlier, we counted glomeruli in the kidneys of 10 hypertensive accident victims, compared to 10 age-and gender-matched normotensive accident victims and found that Caucasian patients with hypertension had significantly fewer glomeruli per kidney than matched normotensive controls [18] . Importantly, this finding was confirmed in a second independent autopsy study [15] .
In an earlier study in GDNF+/-mice we had already investigated the effect of HSD on bp, the kidney and the cardiovascular system [4] . We presumed that radiotelemetry in conscious unrestrained mice for 24 h would provide a more sensitive method of determining bp, compared to isolated direct measurements obtained under anesthesia which were used in our previous study [4] . Of note and in contrast to previous assumptions, our comprehensive analysis of body electrolyte content could not show that HSD increased sodium in any compartment compared to LSD. Serum concentrations of sodium, potassium, and chloride were similarly not affected. Surprisingly, total-body chloride space was significantly increased in GDNF+/-mice compared to WT mice, as corroborated by skin concentration values. This finding of (isolated) chloride (Cl -) retention is in line with recent data from Wiig et al [8] . in other models of salt sensitive hypertension. Here, the skin Cl -content, but not the Na + and water content, was tightly associated with salt-sensitive bp increases. However, the underlying pathomechanisms as well as the involved organic molecules are not known yet. Possible ideas are that an up to now not identified (organic) kation accumulates together with Cl -to achieve electron neutrality. On the other hand, Cl -accumulation could be paralleled by a commensurate reduction of unmeasured anionic osmolytes [8] .
Also in line with this theory we found markedly increased macrophage infiltration and LYVE-1 expression in the skin of GDNF+/-under HSD indicating that also in our model of low nephron number the postulated connection between salt, immune cells and lymphatics might be operative. Conceptually, the cutaneous MPS and increased cutaneous lymphatics are a response to hypertonicity mediated via VEGF-C and we also aimed to address this in our animal model using quantitative PCR. We found, however, only a tendency to higher VEGF-C levels in HSD with highest mRNA levels in the GDNF+/-HSD group, but the difference was not statistically significant. This might be due to the heterogeneity of our animal model, i.e. the GDNF+/-mice, and the resulting high standard deviations, but does not question the concept as a whole.
Experimentally, there is a clear association between nephron number, dietary sodium intake, and incidence of hypertension. In the extreme case, removal of 70% or more of the functioning renal mass in the rat leads to systemic and glomerular hypertension, with increased plasma volumes and low plasma renin levels [19] . The accepted assumption has been that decreased filtration surface area leads to renal sodium retention, and thereby to increased mean arterial blood pressure. Systemic hypertension in turn promotes glomerular hypertension and eventual sclerosis, further decreasing the functioning filtration surface area [6] . Interestingly, in our study, the total body as well as the skin chloride retention correlated with the relative kidney weight. The prevailing idea has been that increased volume retention with reduced nephron number leads to increased flow, eventually total-body autoregulation to restore flow to normal levels and adjustments that lead to hypertension, restoring sodium balance by means of pressure natriuresis [20] . The volume changes involved could be surprisingly small [21] . We attempted to investigate that scenario here; however, our totalbody electrolyte determinations could not demonstrate clear-cut sodium retention. We did not measure plasma volume, interstitial volume, cardiac output, or peripheral vascular resistance in these experiments. In earlier studies comparing a sodium-retaining model (deoxycorticosterone-acetate) to a solely increased peripheral vascular resistance model (Nω-Nitro-L-arginine methyl ester hydrochloride), we found that both models increased peripheral vascular resistance, but were unable to find an increased cardiac output in either model [9] .
The prevailing teaching has been that the extracellular fluid, with some residual stored in bone, are the accepted sites of sodium storage. Osmolality in extracellular fluid, that is plasma and interstitial fluid, are considered to be similar along the provisions of GibbsDonnan equilibrium. Sodium retention would thereby necessarily result in volume expansion resulting in the expected adjustments. We developed our ashing and atomic-absorption spectrometry techniques to re-explore the body's sodium distribution, when we were unable to account for considerably sodium storage occurring without water retention and vice versa [22, 23] . We found substantial amounts of sodium in skin and muscle. In the skin interstitium, we identified binding of the positively charged sodium ion to strongly negatively charged glycosaminoglycans. The interstitial microenvironment was actually hypertonic to plasma by about 25 mosm/kg H 2 O. We also showed that monocytic phagocytic-system (MPS) cells tightly regulate the tissue sodium storage by that sensing hypertonicity [8, [23] [24] [25] . The MPS cells respond by elaborating vascular endothelial growth factor-C (VEGF-C). This mechanism leads to increased lymph-capillary density, permitting clearance of sodium from stores. Interference of this pathway by various means leads to salt-sensitive hypertension [8, 24, 25] . Interestingly, we have measured tissue sodium stores with magnetic resonance imaging in hemodialysis patients [26] . These patients have presumably run through the gamut of mechanisms proposed by Brenner et al [6] We would expect tissue sodium stores to be elevated in these patients by virtue of their renal insufficiency and their hypertension. However, to our surprise the younger dialysis patients (<60 years) had no greater tissue sodium values than normal age -matched control subjects [26] . An age dependent increase in skin Na + content which was paralleled by reduced tissue VEGF-C levels was seen in healthy and dialysis patients as well. Interestingly, Na + content increases more progressively in dialysis patients compared to controls [26] .
We were intrigued by the increase in total-body chloride in GDNF+/-mice compared to wt. In our earlier study, an antibody that blocks the lymph-endothelial VEGFC receptor, VEGFR3, selectively inhibited MPS-driven increases in cutaneous lymphatic capillary density and induced salt-sensitive hypertension. This maneuver also led to skin chloride accumulation. Overexpression of VEGFR3 that blocks VEGF-C pathway signaling led to a similar result [8] . Others and we have shown that only sodium as the chloride salt increases bp [10, 27] . In human hypertension, sodium must also be accompanied by chloride to impact on bp [28] . In humans, serum chloride is an independent predictor of mortality in hypertensive patients [29] . Tissue measurements have not been made; however, theoretically such measurements would be possible, also with magnetic resonance.
This study demonstrates that an animal model with 30% reduction in nephron number indeed develops mild hypertension when fed a HSD, compared to wt controls, consistent with ideas about reduced nephron numbers and associated hypertension in humans. However, we could not confirm increases in total-body sodium, as predicted by prevailing explanations, but found increased total body and skin chloride that interestingly correlated with relative kidney weight. Thus, in contrast to the prevailing opinion our data argue for the involvement of non-volume related mechanisms.
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